Abstract Balanids are the numerically dominant epibionts on mussel beds in the Wadden Sea. Near the island of Sylt (German Bight, North Sea), Semibalanus balanoides dominated intertidally and Balanus crenatus subtidally. Field experiments were conducted to test the effects of predation on the density of barnacle recruits. Subtidally, predator exclusion resulted in significantly increased abundances of B. crenatus, while predator exclusion had no significant effects on the density of S. balanoides intertidally. It is suggested that recruitment of B. crenatus to subtidal mussel beds is strongly affected by adult shore crabs (Carcinus maenas) and juvenile starfish (Asterias rubens), whereas recruits of S. balanoides in the intertidal zone are mainly influenced by grazing and bulldozing of the very abundant periwinkle Littorina littorea, which is rare subtidally. Thus, not only do the barnacle species differ between intertidal and subtidal mussel beds, but the biotic control factors do so as well.
Introduction
Ecological patterns may look similar, however, the underlying causes might be different. For instance, after severe winters, massive recruitment of bivalves was recorded in many parts of the Wadden Sea (Beukema et al. 1998; Strasser 1999 ). This may, on the one hand, be caused by unusually high larvae production of adult mussels (Beukema et al. 1998; Honkoop and van der Meer 1998) . Alternatively, a decrease in predation pressure caused by a delayed appearance of shore crabs Carcinus maenas (L.) and shrimp Crangon crangon (L.) may result in a better survival of juvenile bivalves (Beukema 1991 (Beukema , 1992 Beukema et al. 1998; Strasser 2000) . Both processes may generate the same ecological pattern.
This paper deals with the abundance fluctuations of barnacles (Semibalanus balanoides (L.), Balanus crenatus Bruguière) which are the most frequent epibionts on intertidal and subtidal beds of Mytilus edulis L. in the Wadden Sea (Buschbaum and Saier 2001) . Barnacle abundances are known to show high interannual and seasonal fluctuations in both the intertidal (Buschbaum 2000) and subtidal (personal observation) parts of the gradient. Field observations indicated that S. balanoides dominated on intertidal and B. crenatus on subtidal mussel beds. The aim of this study was to test the hypothesis that different biotic factors in the intertidal and subtidal zone cause barnacle fluctuations. Intertidally, previous experiments have demonstrated that variations in barnacle densities are affected by the grazing and bulldozing activity of the very abundant periwinkle Littorina littorea (L.) (Buschbaum 2000) . On subtidal mussel beds, however, L. littorea is rare (Saier 2000) and thus cannot be responsible for barnacle variability there. As there are no other grazers on fouling organisms on the mussel bed, I suspected that predation might be an effective control on barnacle densities. This has been shown to be of importance for macrofauna in the sediments of the study area (Reise 1977 (Reise , 1978 Scherer and Reise 1981) . Field observations on subtidal mussel beds indicated high densities of adult crabs Carcinus maenas (L.) and juvenile starfish Asterias rubens L. Both species feed on S. balanoides and B. crenatus (Ropes 1968; Sloan 1980; Rangeley and Thomas 1987; Leonard et al. 1999; personal observation) . I hypothesized that predation might affect abundances of barnacles subtidally, while it is expected to be of minor importance on intertidal mussel beds where crab and starfish densities are lower and feeding time is shorter. Thus, field investigations on the density of the benthic predators C. maenas and A. rubens were conducted on intertidal and subtidal mussel beds and predation effects on barnacle abundances were tested by predator exclusion experiments.
Materials and methods

Study area
The study was performed at mussel beds (M. edulis L.) located in Königshafen (55°02′N; 008°26′E), a sheltered tidal bay in the north of the island of Sylt (German Bight, Northern Wadden Sea) (Fig. 1) . The intertidal zone of Königshafen comprises about 4.5 km 2 . Sandy dunes protect the bight against the prevailing westerly winds. Tides are semi-diurnal with a mean amplitude of 1.8 m. Spring and neap tides differ by <0.2 m, but rare strong easterly winds may lower low tide level by 1 m . Salinity remains close to 30 psu. Mean annual water temperature is about 9°C, with a summer average of 15°C and a winter average of 4°C. Hydrography, geology and biota are described in detail by Reise (1985) , G. , I. , Bayerl and Higelke (1994) and Reise et al. (1994) .
The balanids S. balanoides and B. crenatus are the most abundant epibiont species on mussel beds in the area (Albrecht and Reise 1994; Buhs and Reise 1997; Buschbaum and Saier 2001) . The barnacle, Elminius modestus Darwin, regularly occurred on mussel beds but in very low abundances since the freezing winter in 1995/96 (personal observation). Beds of M. edulis comprise about 1% of the intertidal area of Königshafen . All investigations were conducted on mussel beds near the main tidal channel (Fig. 1) . Mean exposure time of the intertidal beds was about 1.5 h. Subtidal mussel beds are referred to as areas below the mean low water line, occasionally emerging during strong offshore winds for about 20-30 min. The vertical difference between the intertidal and subtidal sites of the investigated mussel bed was about 0.5 m. Mussel beds in the study area are partly covered by the brown algae Fucus vesiculosus f. mytili (Nienburg) (Albrecht 1998) and harbour a specific faunal assemblage (Albrecht and Reise 1994) . Since these algae only occur intertidally, surveys and experiments were limited to mussel bed areas free of Fucus.
Abundance estimates of L. littorea, C. maenas and A. rubens
Densities of L. littorea on intertidal and subtidal mussel beds were estimated from six replicate samples per tidal level. Sampling was carried out using a box corer of 315 cm 2 (sampling depth 10 cm). In the laboratory, the contents were washed through 1 mm meshes and periwinkles were counted. Since the grazing and bulldozing effects of L. littorea on barnacle recruitment are confined to the period of larval settlement and early stages after metamorphosis (Buschbaum 2000) , snail densities were determined in spring 1999 during the phase of barnacle settlement.
Adult C. maenas preferentially inhabit the subtidal parts of the Wadden Sea (Klein-Breteler 1976; Reise and Bartsch 1990; Buhs and Reise 1997) . This was also true in the study area where most large C. maenas were identified on subtidal mussel beds (personal observations). The distribution patterns of juvenile crabs and of A. rubens, which are both known to feed on barnacles (Rangeley and Thomas 1987) , were estimated as before using six replicate samples from intertidal and subtidal mussel beds in summer, when predators achieve their highest abundances.
Barnacle percentage cover on intertidal and subtidal mussel beds
The density and zonation of balanids on intertidal and subtidal mussel beds were estimated as percentage cover of S. balanoides and B. crenatus in both tidal zones in June 1999. A clear sheet of PVC pierced by 100 randomly distributed holes of 4 mm in diameter was placed on the mussel beds and the percentage of both barnacle species was determined by counting the holes with S. balanoides and B. crenatus visible underneath (six replicates per tidal level). The obtained barnacle percentage was a rough estimate for the abundance of both barnacle species on the mussel beds.
Predator exclusion experiments
The effects of predators on the abundance of barnacles attached to mussel shell surfaces were investigated by predator exclusion experiments. Cylindrical cages (25 cm high, 20 cm in diameter) with walls and roofs made of 6×6 mm rust-resistant wire netting were used. The upper and lower ends of the cages were stabilized with a plastic ring (20 cm in diameter). Before barnacle settlement in March 1999, the cages were fixed on intertidal and subtidal mussel beds using three iron rods per cage (50 cm length; 6 mm in diameter). The cages were anchored 5 cm deep in the mussel bed to prevent predators from passing underneath the cages. All mussels within the cages were cleaned of any epigrowth and crabs and starfish were removed. There were three treatments in each tidal zone: (1) closed cages without predators but with the ambient density of L. littorea, (2) uncaged areas of the same size as cages, and (3) open cages with walls which left a 10 cm space above the ground so that predators and snails could freely pass into and out of the treated plot. The last treatment was conducted to check for cage artefacts. Each treatment was replicated six times with a random distribution in the mussel bed.
In the intertidal zone, a further treatment (six replicates) tested whether small C. maenas prey on barnacles. The same sized cages as above were used which contained the ambient snail density and ten enclosed juvenile crabs (carapace width 15-30 mm).
At weekly intervals, cages of all treatments were controlled and cleaned, if necessary. After an experimental period of 4 months (in July 1999) the percentage cover of barnacles on the treated areas was determined by using the 'pierced-sheet-method' described above. After removing the roofs and enclosed periwinkles, the sheet was placed on top of the cages and barnacle percentage cover was determined by counting the holes that had living balanids underneath.
Statistical analysis
Results are given as arithmetic means and standard deviations (SD). Differences in densities of L. littorea, C. maenas, A. rubens and barnacle percentage cover between intertidal and subtidal mussel beds were analysed using Mann-Whitney U-tests. Data from predator exclusion experiments were subjected to analysis of variance (ANOVA). Different levels within a significant experimental factor were analysed using Tukey's honest significant difference (HSD) multiple comparison test. Cochran's test was used to test for homoscedasticity of variances. Data from the cage experiments were heterogeneous in variances and were therefore log-transformed to eliminate heteroscedasticity. Effects were considered to be statistically significant if P was <0.05.
Results
Abundances of L. littorea, juvenile C. maenas and A. rubens
In Spring 1999, the density of L. littorea was about ten times higher in the intertidal (1,739±356 snails m -2 ) than the subtidal zone (167±107 snails m -2 ) (Mann-Whitney U-test, P <0.01) (Fig. 2) .
Juvenile C. maenas (carapace width ≤30 mm) were also significantly more abundant on intertidal (211±98 crabs m -2 ) than subtidal mussel beds (72±25 crabs m -2 ) (Mann-Whitney U-test, P<0.01). No A. rubens were recorded on intertidal mussel beds while a density of 100±79 starfish m -2 was obtained subtidally P<0.01) . Only juvenile starfish with an arm length ≤20 mm were recorded.
Tidal zonation of barnacles
Barnacle species composition showed a tidal zonation. On intertidal mussel beds, the percentage cover of S. balanoides (52.0±6.0%) was significantly higher than that of B. crenatus (5.2±2.1%) (Mann-Whitney U-test, P<0.01) while B. crenatus (28.0±3.9%) was more abundant than S. balanoides (4.8±1.2%) in the subtidal zone (Mann-Whitney U-test, P<0.01; Fig. 3 ). The total barnacle cover was significantly higher on intertidal (57.2± 7.1%) than on subtidal mussel beds (32.8±4.7%; MannWhitney U-test, P<0.01).
Predator exclusion experiments
During the experiment in 1999, recruitment of S. balanoides was confined to the intertidal mussel bed while B. crenatus recruited only into the subtidal zone.
In the intertidal, predator exclusion had no effect on barnacle recruitment success. No statistical differences in percentage cover of S. balanoides were found between closed cages (35.2±8.5%), uncaged areas (30.2±4.7%), open cages (28.8±7.6%) and closed cages with added juvenile C. maenas (26.7±4.1%) (one-way ANOVA, df=3, F=1.4696, P=0.2529) .
In the subtidal, by contrast, percentage cover of B. crenatus significantly differed between treatments (oneway ANOVA, df=2, F=15.2933, P<0.001; Fig. 4) . The highest percentage of barnacles established in closed cages (59.2±8.9%). This was significantly higher than in open cages (46.0±4.7%) and uncaged areas (41.0±2.6%) (Tukey's test, P<0.01). As in the intertidal zone, there were no significant differences between uncaged areas and open cages (Tukey's test P>0.05). Thus, in both tidal zones no cage artefacts were detected. At the end of the experiments, largest barnacles achieved a basal shell diameter of about 10 mm.
Discussion
The present study illustrates that the relative abundances of the two barnacle species, S. balanoides and B. crenatus, differ between tidal zones and that different control factors seem to govern barnacle densities in intertidal and subtidal mussel beds. With respect to balanid distribution pattern, the barnacles showed a distinct tidal zonation despite the small vertical range of about 0.5 m and a mean emergence time of about 1.5 h per tide between the intertidal and subtidal mussel beds investigated. S. balanoides dominated the intertidal and B. crenatus the subtidal zone. This zonation pattern was also reported from artificial hard substrate in the study area (Luther 1976) and from other shores (Barnes and Powell 1953; Meadows 1969; Gruet 1981; Rainbow 1984) . The predominant occurrence of S. balanoides in the intertidal zone is considered to result from physiological adaptation to emergence (Grainger and Newell 1965; Newell 1976; Foster 1987) . S. balanoides is capable of oxygen uptake from air and is tolerant to moderate desiccation stress, while B. crenatus is not able to survive long periods of emergence. B. crenatus may outcompete S. balanoides subtidally due to lower mortality, faster growth rates and a stronger attachment to the substrate (Meadows 1969; Luther 1987) . Additionally, the calcareous base of B. crenatus may be an advantage when used to lever or push off individuals of S. balanoides, which have a membranous base (Meadows 1969) . Furthermore, pre-settlement factors may influence the distribution patterns of balanids. For example, Grosberg (1982) found most cyprid larvae of B. crenatus occurring in deeper water and suggested that the distribution patterns of adult balanids may be a reflection of a vertical zonation of barnacle cyprids in the water column. However, in the turbid tidal waters of the creek adjacent to the mussel bed studied, this mechanism is unlikely to account for the differential settlement. On the other hand, cyprid larvae show considerable habitat selection behaviour and prefer a substrate where adults of their own species are abundant (Knight-Jones 1953; Larman and Gabbott 1975; Pawlik 1992; Jarrett 1997) . In addition to physical factors, this may explain the restricted recruitment of S. balanoides intertidally and of B. crenatus subtidally, as found in the experiments conducted on mussel beds in the present study.
Effects on barnacle density
In contrast to this rather constant zonation pattern, abundances of both barnacle species showed high temporal variations on mussel beds of the study area (Buschbaum 2000) . I revealed that fluctuations of S. balanoides growing on intertidal mussel beds were strongly influenced by variations in grazing and bulldozing activity of the periwinkle L. littorea (Buschbaum 2000) . High snail densities reduced barnacle settlement success in field experiments. The assumed dominant role of L. littorea for intertidal barnacle recruitment is supported by the results of the cage experiments in this study. These did not reveal any significant predation effects on S. balanoides attached to intertidal mussels. On subtidal mussel beds, however, the importance of snail grazing is supposed to be negligible because periwinkle abundance was low. This is presumably caused by snail recruitment restricted to the intertidal zone in concert with high crab predation pressure subtidally (Saier 2000) . Thus, L. littorea cannot be responsible for density fluctuations of B. crenatus. In contrast to the intertidal zone, an exclusion of predators on subtidal mussel beds resulted in an increased percentage cover of barnacles in the cages. Therefore, I assume that predation may be an important density structuring factor for B. crenatus subtidally. Rangeley and Thomas (1987) reported that balanids are a valuable food source for juvenile C. maenas (carapace width 21-29 mm) and pointed out that small crabs may be an important factor for barnacle mortality. Although on intertidal mussel beds the abundance of juvenile C. maenas was threefold higher than subtidally, no predation effects were detectable. Thus, it is unlikely that small crabs had an important impact on barnacles in the investigation area. This is supported by the crab enclosure experiments, which did not reveal any effects of juvenile C. maenas (carapace width 15-30 mm) on barnacle densities, and these results are in agreement with the findings of Leonard et al. (1999) . Presumably, juvenile C. maenas used other food sources such as annelids, which are among the preferred prey of small crabs in the Wadden Sea (Reise 1978 (Reise , 1985 Scherer and Reise 1981) and are very abundant on mussel beds (Dittmann 1990) .
Juvenile starfish, A. rubens, were absent on intertidal mussel beds, which may be a consequence of high predation pressure by gulls (Dernedde 1993 (Dernedde , 1994 . Subtidally, however, juvenile A. rubens attained a density of about 100 individuals per m 2 . This indicates that they could Sloan (1980) reported that barnacles belong to the preferred diet of small A. rubens and laboratory experiments revealed that a single juvenile starfish is capable of consuming up to three barnacles per day (Mertel, personal communication) . Juvenile A. rubens attack individual balanids by removing the body through the aperture without damaging the outer barnacle shell (personal observation) and the remaining empty barnacle cones are regularly visible on subtidal mussels (Fig. 5) . Often, however, groups of barnacles were totally crushed and scraped off from the shells of M. edulis and only the calcareous bases of B. crenatus remain on the bivalves (Fig. 5) . These feeding marks are typical of large C. maenas (Rangeley and Thomas 1987) . Moreover, direct observations confirmed high numbers of adult crabs preying on barnacles on shallow subtidal mussel beds. Although adult crabs may perform feeding migrations to the intertidal zone (Crothers1968; KleinBreteler 1976; Warman et al. 1993) , Dernedde (1993) recorded that high numbers of large C. maenas were consumed by gulls (especially Larus argentatus Pont.) with feeding activity being almost exclusively restricted to the intertidal zones of mussel beds.
Thus, I suggest that the predation effects on B. crenatus found in the subtidal zone are mainly caused by the feeding activities of both juvenile starfish and adult C. maenas. Other carnivorous species frequently occurring in the area such as shrimps (Crangon crangon) and fish (Pomatoschistus spp.) appear to be negligible because adult balanids do not belong within their preferred food spectrum (Plagmann 1939; Pihl and Rosenberg 1984; Pihl 1985; Aarnio and Bonsdorff 1993) and there is no evidence that birds feed on barnacles (Dernedde 1993; Hertzler 1995) . Further potential predators which are known to feed on barnacles in other areas, such as the gastropods Nucella spp. (Connell 1961 (Connell , 1970 , Neothais scalaris and Lepsiella scobina (Luckens 1975) , or the flatworm Stylochus ellipticus (Branscomb 1976 ) are absent from the Wadden Sea.
Another predator to be considered is the shrimp Crangon crangon, preying on barnacle nauplii and cyprid larvae in the water column (Plagmann 1939 ). This may influence barnacle population dynamics before settlement because variations in shrimp predation may result in decreased barnacle larval supply, which is an important factor in structuring the adult community (Gaines et al. 1985; Bertness et al. 1992 ). However, long-term data of barnacle cyprid larval abundances in the study area showed no strong interannual variations in the density of cyprid larvae (Buschbaum 2001) . This indicates that grazing and predation subsequent to barnacle settlement may be the prevailing processes for barnacle abundance variations on mussel beds.
In summary, the same ecological pattern, i.e. the fluctuations of barnacle densities in intertidal and subtidal mussel beds, is affected by different biotic factors. The restriction of grazing effects to the intertidal zone and predation by crabs and starfish to subtidal mussel beds is governed by higher trophic interactions which are illustrated in Fig. 6 . As shown elsewhere (Buschbaum and Saier 2001) , the barnacles are key members of the mussel bed community because they affect the growth of the mussels which generate the entire habitat. Fig. 6 Schematic interactions on intertidal and subtidal mussel beds in the Wadden Sea affecting barnacle densities. Intertidally, grazing and bulldozing by periwinkles (Littorina littorea) influence densities of Semibalanus balanoides, while adult crabs (Carcinus maenas) and juvenile starfish (Asterias rubens) affect Balanus crenatus on subtidal mussel beds (→-). The effects of L. littorea are restricted to the intertidal zone, presumably due to crab predation pressure subtidally. The effects of large C. maenas and A. rubens are restricted to the subtidal zone, presumably due to bird predation intertidally (LWTL low water tide level)
